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Irradiationa b s t r a c t
Novel hierarchical composites of reduced graphene oxide/acid-treated multi-walled carbon nanotubes
(RGO/aMWCNT) are prepared by 60Co g-ray irradiation in isopropanol/water under an inert atmosphere.
The irradiation reduction mechanism of graphene oxide is further investigated and veriﬁed. The pre-
pared RGO/aMWCNT composites display a three-dimensional interpenetrating network structure. And
the composite with the GO/aMWCNT weight ratio of 80/20 possesses high conductivity (1820 S m1),
large speciﬁc surface area (1420 m2 g1) and low oxygen content. As a result, it shows improved elec-
trochemical capacitance (227 F g1), excellent cycling stability (4.9% capacitance loss after 10,000 cycles)
and rate capability. Furthermore, this irradiation reduction technique used to prepare the RGO/aMWCNT
composites is readily scalable to industrial levels.
 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction
Graphene nanosheets (GNS), the intriguing two-dimensional
(2D) single atomic layer of graphitic carbon, have been widely
explored for applications in energy-storage materials [1e7],g).
r B.V. Open access under CC BY-NC-NDsensors [8e10], high-performance composites [11e13] and many
other ﬁelds [14e18], mainly due to their unique chemical structure,
large surface area, superior electrical conductivity and great me-
chanical properties [1,19e24]. However, GNS easily tend to form
irreversible agglomerations due to high cohesive van der Waals
energy (5.9 kJ mol1 carbon) [25,26], which leads to the serious loss
of intrinsic surface area (2630 m2 g1) and makes the expected
outstanding performances of GNS signiﬁcantly vanish [27,28].
Therefore, how to effectively prepare the functionalized GNS with
good dispersibility and to minimize restacking effect is a crucial
issue [6,29,30]. license.
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cerning well-dispersible graphene which is chemically modiﬁed
[26,29,31] or noncovalent functionalized [32e34]. But these
methods lack economic beneﬁts and readily introduce many de-
fects which destroy the intrinsic performances of GNS [35e37].
Recently, high-energy ray irradiation has been found to create
reductive medium for the preparation of metallic nanoparticles
[38,39] and especially suitable for the reduction of graphite oxide
[40]. Compared with conventional chemical reduction, the irradi-
ation technique is environmentally friendly, easily controlled,
highly pure and less destructive [40,41]. Furthermore, the irradia-
tion reduction rate is relativelymild so that it can further inhibit the
agglomerations of GNS during the irradiation. Hence, the irradia-
tion technique provides a new route for the synthesis of well-
dispersible graphene. However, the reaction mechanism of the
irradiation reduction of graphene hasn’t been unequivocally put
forward up to now.
One-dimensional (1D) carbon nanotubes (CNT) have attracted a
great deal of attention for energy storage applications owing to
their superior electrical properties, good mechanical and thermal
stability [42,43]. The introduction of 1D CNT to 2D GNS can inhibit
the aggregations of GNS and provide three-dimensional (3D)
smooth conductive pathways to enhance the accessible surface
area and improve electron conduction [23]. Very recently, a variety
of GNS/CNT composites have been prepared through various solu-
tion processing methods [44e46]. Unfortunately, it is difﬁcult to
form 3D hierarchical structure of GNS/CNT composites due to poor
controllability, leading to low speciﬁc surface area. Other tech-
niques, such as layer-by-layer (LBL) self-assembly [47], chemical
vapor deposition (CVD) [48e50] and electrodeposition [51,52] can
easily control the architecture of the composites, but are not suit-
able for large-scale production due to their complicated procedure
and expensive cost. As a controllable and efﬁcient technique, high-
energy ray irradiation can be considered for the preparation of
GNS/CNT composites and there have been no publications in this
respect so far.
Herein, we report a simple approach to prepare 3D hierarchical
composites of reduced graphene oxide/acid-treated multi-walled
carbon nanotubes (RGO/aMWCNT). First, graphene oxide (GO) was
dispersed in isopropanol/water solution containing aMWCNT by
solution processingmethod. Then, GO/aMWCNT isopropanol/water
solutions were irradiated using 60Co g-ray in an inert atmosphere
and the RGO/aMWCNT composites were obtained, as shown inFig. 1. Schematic illustration for preparing hFig. 1. The irradiation reduction mechanism of GO was further
discussed. Furthermore, the effects of irradiation dose and GO/
aMWCNT weight ratio on the microstructure, degree of reduction
and supercapacitive performance of RGO/aMWCNT composites
were investigated systematically. The as-prepared RGO/aMWCNT
with optimal GO/aMWCNT ratio of 80/20 showed large effective
speciﬁc surface area (1420 m2 g1) and excellent electrical con-
ductivity (1820 S m1). As a result, the composite exhibited
improved speciﬁc capacitance, superior cycling stability and rate
capability, expected to be electrode material for commercial
supercapacitors.
2. Experimental
2.1. Preparation of GO and aMWCNT
Graphite oxide was synthesized from natural graphite powder
(Shanghai Yifan Graphite Co. Ltd.) by a modiﬁed Hummers method
[53]. The as-prepared graphite oxide was then exfoliated in pH¼ 10
ammonia aqueous solution under intermittent ultrasonication for
40 min and a stable GO dispersion (6 mg mL1) was formed. The
resulting GO dispersionwas centrifuged at 3000 rpm to remove the
aggregations and then diluted to 2 mg mL1.
MWCNT (purity 95%, diameter <8 nm) were obtained from
Chengdu Organic Chemicals Co. Ltd. of Chinese Academy of Sci-
ences. 2 g MWCNT were added into a 200 mL mixture solution of
98% H2SO4 and 68% HNO3 (H2SO4/HNO3 ¼ 3:1). The solution was
maintained at 60 C under continuously stirring for 48 h and
intermittently ultrasonicating for 4 h, producing carboxylic acid
groups at the defect sites. The aMWCNT suspension was ﬁltered
and washed repeatedly with deionized water until the ﬁltrate was
neutral.
2.2. Preparation of RGO/aMWCNT composites
3D hierarchical composites of RGO/aMWCNT were synthesized
by irradiation reduction technique. Typical procedure was as fol-
lows: The GO aqueous dispersion (2 mg mL1) and aMWCNT
aqueous dispersion (2 mgmL1) were mixed under stirring for 12 h
at room temperature, followed by adding isopropanol to obtain
isopropanol/water (50 v/v%) mixture with a ﬁnal concentration of
1 mg mL1 dispersion. The weight ratio of GO to aMWCNT was
varied as 20/80, 50/50, 70/30, 80/20 and 90/10. The GO/aMWCNTierarchical RGO/aMWCNT composites.
Fig. 2. (a) FTIR spectra, (b) Raman spectra and (c) XRD patterns of GO, RGO, GO/
aMWCNT, and RGO/aMWCNT.
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sealed in stainless steel pipes with argon atmosphere, then was
irradiated through 60Co g-ray with various irradiation doses of 30e
200 kGy to obtain the RGO/aMWCNT composites. It was worth
noting that RGO and RGO/aMWCNT in the subsequent discussion
were irradiated at 100 kGy and the weight ratio of GO to aMWCNT
was 80/20 if no particular explanations.
2.3. Characterizations and instruments
The Fourier transform infrared spectroscopy (FTIR) spectra were
recorded from KBr pellets using a Nicolet 6700 spectrometer.
Raman spectra were recorded on a Renishaw inVia þ Reﬂex using a
50 mWAr laser operated at 514 nm. A Rigaku D/Max 2550 VB/PC X-
ray diffractometer using the Cu Ka radiation served as the instru-
ment in the study of X-ray diffraction (XRD) patterns, which were
recorded from 3 to 80 (2q-angle). Themorphologies of the samples
were characterized by the ﬁeld-emission scanning electron mi-
croscopy (FESEM, Hitachi S-4800) and high resolution transmission
electron microscopy (HRTEM, JEOL JEM-2100). X-ray photoelectron
spectroscopy (XPS) was carried out in a thermo scientiﬁc ESCALAB
250Xi X-ray photoelectron spectrometer equipped with amono-
chromatic Al Ka X-ray source (1486.6 eV). The conductivity of the
samples was determined by an SX 1934 four-probe instrument.
2.4. Electrode preparation and electrochemical measurements
For the preparation of working electrodes, the active electrode
materials were sonicated for 30min to form homogeneous colloidal
solution (1 mg mL1). And the micropipettor (0e1000 mL) was
adopted to transfer 200 mL colloidal solution onto the surface of
pure stainless steel current collector (2 cm2). Then, 15 mL Naﬁon
(1 wt%) was dropped onto the electrode surface and dried at room
temperature. The colloidal solutionwas uniformly deposited on the
surface of pure stainless steel and formed a thin ﬁlm. The mass
loading of the samples was accurately controlled to be 0.1 mg cm2.
In other words, the mass of active electrode materials was 0.2 mg.
Electrochemical performance was tested by cyclic voltammetry
(CV), galvanostatic charge/discharge tests and electrochemical
impedance spectroscopy (EIS) on a CHI 660D electrochemical
workstation using two-electrode sandwich-type cell super-
capacitors at room temperature. The cell supercapacitors were
composed of two symmetrical working electrodes sandwiched by a
separator and the aqueous electrolyte solution of 1 M H2SO4. The
potential range for CVs and galvanostatic charge/discharge tests
was 0e0.8 V. EIS test was carried out in the frequency range of 105e
102 Hz with 5 mV amplitude corresponding to open circuit po-
tential. And the cycling stability was tested using two-electrode cell
supercapacitors on a LAND CT2001A program testing system.
The speciﬁc capacitance (Cs) of the electrode materials could be
obtained from CV and galvanostatic charge/discharge curves, and
calculated according to the following Equations (1) and (2):
Cs ¼ 2C=m ¼ 2I=mðdV=dtÞ (1)
where Cs is the speciﬁc capacitance, I is the discharge current, m is
the mass of active electrode material on a single side and dV/dt
denotes the slope of discharge curve (Vet).





where I is the output current (A), V is the potential (V), y is the scan
rate (V s1) and m is the mass of the active material on a single
electrode (g).3. Results and discussion
The FTIR spectra of GO, RGO, GO/aMWCNT and RGO/aMWCNT
are given in Fig. 2a. The spectrum of GO illustrates the presence of
CeO (nCeO at 1051 cm1), CeOeC (nCeOeC at 1218 cm1), CeOH (nCe
OH at 1384 cm1) and C]O (nC]O at 1714 cm1) [26]. The spectrum
of GO/aMWCNT exhibits the main IR bands similar to GO. However,
for RGO and RGO/aMWCNT, these characteristic bands disappear or
weaken due to the reduction of the oxygen-containing groups after
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1580 cm1, corresponding to the skeletal vibrations of unoxidized
graphitic domains [54], red-shift to 1562 cm1 after irradiation.
This indicates that the conjugation degree of GO and GO/aMWCNT
is improved, further conﬁrming the successful reduction of GO after
irradiation.
To further study the structural changes induced by irradiation,
Raman spectroscopy analysis is employed. The main features of
carbon-based materials (the G and D bands), both arising from the
vibrations of sp2-hybridized carbon atoms, appear at around 1600
and 1350 cm1, respectively. The D peak requires a defect for its
activation, so the D-band intensity can be used as a measure for the
degree of disorder. It can be seen from Fig. 2b that the Raman bands
of GO and GO/aMWCNT are similar. After the irradiation, the ID/IG
ratio of RGO and RGO/aMWCNT increases markedly, suggesting
that the g-ray irradiation alters the GO structure. It can be
explained that the irradiation creates many new graphitic domains,
which are smaller in size, but more numerous in number.
Fig. 2c depicts the XRD patterns of GO and GO/aMWCNT before
and after irradiation. The spectrum of GO exhibits a strong (001)
diffraction peak at 2q ¼ 10.9 corresponding to 0.81 nm of inter-
layer spacing. Moreover, another weak and broad peak at around
24.8 may be attributed to the random accumulation of GO nano-
sheets, which is further proved by FESEM analysis in Fig. 3a. After
irradiation, the XRD pattern of RGO only shows a dominant broadFig. 3. FESEM images of (a) GO, (b) RGO, (c) GO/aMWCNT, and (d) Rpeak at 23.7 corresponding to the graphite-like structure (002)
instead of the diffraction peak at 10.9, indicating that GO is obvi-
ously reduced by g-ray irradiation. Furthermore, the broad
diffraction peak at 23.7 can be resulted from the small size or a
relatively short domain order of the RGO layers [55]. For GO/
aMWCNT, another diffraction peak at around 25.0 is observed
compared with GO, which is derived from graphite-like structure of
aMWCNT. And the RGO/aMWCNT shows the diffraction peak at
2q¼ 23.7 similar to RGO, also indicating the good graphitization of
GO through g-ray irradiation.
The FESEM and HRTEM images are presented in Fig. 3 to
distinguish the varying morphologies. As shown in Fig. 3a, GO
displays well-exfoliated and crumpled nanosheets. After irradia-
tion, RGO shows similar thin and crumpled layered structure with
high speciﬁc surface area (1078m2 g1), mainly ascribed to themild
irradiation reduction which restrains the aggregation of RGO
nanosheets (Fig. 3b). In contrast, RGO chemically reduced with
hydrazine shows randomly layered aggregations which is difﬁcult
for electrolyte ions to access the surface of RGO (Fig. S1a). When
aMWCNT are incorporated into GO layers, GO/aMWCNT shows
more crumpled, porous and loose architecture compared with GO,
indicating that aMWCNT alter the morphology distribution of GO
and impede the stacking of GO to effectively enlarge electrolyte-
accessible surface area. It can be seen from Fig. 3c and d that
aMWCNTare dispersed between the layers of GO and RGO (markedGO/aMWCNT. HRTEM images of (e) RGO and (f) RGO/aMWCNT.
(a)
(b)
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hierarchical 3D interpenetrating network structure similar to GO/
aMWCNT, providing high speciﬁc surface area of 1420 m2 g1. In
comparison, the chemically reduced GO/aMWCNT only possesses
lower speciﬁc surface area (705 m2 g1) due to heavily aggregated
structure (as seen in Fig. S1b).
In order to further validate the hierarchical 3D structure of RGO/
aMWCNT, the HRTEM analysis is employed. From HRTEM image of
RGO (Fig. 3e), only the transparent and crumpled nanosheets are
observed. However, RGO/aMWCNT has a different morphology
(Fig. 3f). aMWCNT (marked by red arrows) are observed to be
uniformly distributed between the layers of RGO nanosheets, thus
revealing the formation of 3D interpenetrating network structure.
The irradiation reduction of GO/aMWCNT is also proved by the
XPS analysis and the calculated results of XPS are listed in Table 1. It
can be seen that the intensity of O1s peak for RGO/aMWCNT de-
creases obviously compared with GO/aMWCNT (Fig. 4a). And RGO/
aMWCNT exhibits a high C/O weight ratio of 6.9 (shown in Table 1)
after the irradiation, which is higher than that of chemically
reduced GO/aMWCNT (5.8, seen in Table S1). Moreover, the C1s
deconvolution spectra of GO/aMWCNT and RGO/aMWCNT are
analyzed by curve ﬁtting (Fig. 4b and c). Compared with GO/
aMWCNT, RGO/aMWCNT exhibits a more predominant C1s peak at
284.4 eV (C]C) and weaker peaks of CeOH (285.3 eV), CeOeC
(286.5 eV) and C]O (288.3 eV), which is also clearly seen from the
relative area of C1s peak (Table 1). Thus the results of XPS further
demonstrate that the oxygen-containing groups are successfully
reduced by g-ray irradiation in oxygen-free isopropanol/water
solution.
In addition, it is vital to investigate the effect of the irradiation
dose on the oxygen content of RGO/aMWCNT. It is found that the C/
O weight ratio increases with increasing irradiation dose, reaching
the maximum of 6.9 at 100 kGy, and thereafter the value slightly
decreases. Meanwhile, the variation trend of the conductivity is
similar to the C/Oweight ratio of RGO/aMWCNT (Fig. S2). The above
results indicate that the irradiation dose has signiﬁcant inﬂuence
on the reduction of RGO/aMWCNT. And it is essential to further
explore and elucidate the reduction mechanism of GO by g-ray
irradiation.
Previous studies show that g-ray irradiation can decompose the
water molecules to both oxidative (hydroxyl radical, OH) and
reductive (hydrogen radical and hydrated electron, H and eaq)
species, as shown in Equation (a) [56]. In order to create a reducing
medium, alcohols are employed which can remove oxidative OH
radicals as radical scavengers and transform oxidative radicals into
reductive alcohol radicals, as shown in Equation (b) [40,57]. In our
experiment, isopropanols [(CH3)2CHOH] are employed and the C/O
weight ratio of RGO/aMWCNT increases to 6.9 as it is irradiated in
water/isopropanol solution, which is much higher than that of 2.6
irradiated in water solution (Table S1). This indicates that the
isopropanol-adding is very necessary to induce the reduction of GO
during the irradiation. It is also found that the reduction degree of
RGO/aMWCNT in inert atmosphere is higher than that in airTable 1
The relative area of C1s peaks and the C/O weight ratio of GO/aMWCNT and RGO/
aMWCNT measured by XPS.









GO/aMWCNT 56.5 7.9 28.3 7.3 2.2
RGO/aMWCNT 75.8 7.6 12.1 4.5 6.9
a C/O weight ratio.(Table S1), which can be explained that oxygen is a powerful
scavenger for hydrogen radicals and promotes the generation of
strong oxidative species. So in order to guarantee the reduction of
oxygen-containing groups for GO, alcohol-adding and oxygen-free
are essential factors during the g-ray irradiation.In view of the above irradiation condition, the possible
mechanism of GO reduction is proposed, as shown in Fig. 5.
Determined by XPS, most oxygen-containing groups of GO present
in the form of either epoxide or hydroxyl groups. So during the
irradiation reduction, alcohol radicals (R1R2$COH) ﬁrstly attack the
oxygen atoms of epoxide groups in GO and the ring-opening re-
actions take place. Then, hydrogen radicals (H) are combined with
carbon radicals and the CeH bonds are formed. Finally, the elimi-
nation reactions between the generated R1R2C(OH)O- and H-
groups take place and the C]C bonds are produced through the
removal of gem-diols [R1R2C(OH)2]. And R1R2C(OH)2 is very un-
stable and can readily transform into ketone (or aldehyde) and
water. In order to verify the above deduction, gas chromatography
analysis is employed to detect the existence of ketone and the result
shows that a small amount of acetone did appear in water/iso-
propanol solution after irradiation, as shown in Fig. S3. As a result,
the mechanism of irradiation reduction is successfully proposed for
the removal of epoxide groups in GO by reductive alcohol radicals.
Moreover, it is found that the C/O weight ratio of aMWCNT also
increases after the irradiation (Table S1). And combined with the
above FTIR result, the carboxyl and hydroxyl groups also prove to be
reduced and removed by g-ray irradiation.
EIS is a powerful tool to understand the fundamental behaviors
of electrode materials (Fig. 6). In the low frequency range, the
straight line is attributed to the ion diffusion in the electrolyte,
called the Warburg impedance. The linear parts of RGO and RGO/
aMWCNT tend to be vertical lines while GO/aMWCNT appears as
the 45 Warburg slope, which indicates that RGO and RGO/
aMWCNT exhibit faster ion diffusion and pure capacitive charac-
teristic. It is ascribed to the improved conductivity of RGO and RGO/
aMWCNT through the irradiation reduction. At the high frequency,
the intercept at the real axis represents the ohmic resistance (RS)
including ionic resistance of electrolyte, intrinsic resistance of
substrate and contact resistance. The semicircle corresponds to the
charge transfer resistance (RCT) at the electrode/electrolyte inter-
face. It can be found that the RS (2.31 U) and RCT (0.24 U) of RGO/
aMWCNT are much smaller than that of RGO (2.61 and 0.55 U),
indicating that the introduction of aMWCNT provides more
convenient conductive pathways for electron conduction.
To further conﬁrm the merits of RGO/aMWCNT as super-
capacitor electrodes, the electrochemical performance is charac-
terized by CV and galvanostatic charge/discharge tests. As shown in
Fig. 7a, the CV curves of RGO and RGO/aMWCNT at a scan rate of
10 mV s1 show a relatively regular rectangle and a rapid current
response to voltage reversal at each end potential is observed for
both, indicating typical electrical double-layer capacitance.
Fig. 5. A proposed reaction mechanism of irradiation reduction of GO.
Fig. 6. Nyquist plots of RGO, GO/aMWCNT and RGO/aMWCNT.
Fig. 4. XPS spectra of GO/aMWCNT and RGO/aMWCNT. (a) Survey spectra of GO/
aMWCNT and RGO/aMWCNT. C1s spectra of (b) GO/aMWCNT and (c) RGO/aMWCNT.
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polarization phenomenon. Fig. 7b presents the variation plots of
capacitance retention with the increase of scan rate. As the scan
rate increases from 5 to 1000 mV s1, RGO/aMWCNT possesses
higher capacitance retention of 59.1% compared with GO/aMWCNT
(only 16.8%), which is ascribed to the removal of oxygen-containing
groups by the irradiation reduction. In addition, due to the intro-
duction of aMWCNT, the capacitance retention of RGO/aMWCNT is
much higher than that of RGO (45.6%).Meanwhile, it is found that GO/aMWCNT shows a seriously
distorted triangular-shaped charge/discharge curve with the
discharge durationmuch shorter than the charge duration. But RGO
and RGO/aMWCNT exhibit nearly perfect mirror-like triangular-
shaped charge/discharge curves at a current density of 1 A g1
(Fig. 7c), implying the reversible capacitance characteristic resulted
from the elimination of oxygen-containing groups. The speciﬁc
capacitance of RGO/aMWCNT is up to 227 F g1 at the current
density of 1 A g1, higher than that of RGO (151 F g1) and GO/
aMWCNT (182 F g1). What’s more, the RGO/aMWCNT possesses
higher speciﬁc capacitance than other graphene/CNT hybrids (120e
151 F g1) [47,58] and modiﬁed graphene reported in the literature
(100e200 F g1) [1,2,59]. In addition, it is also found that the GO/
aMWCNT possesses higher speciﬁc capacitance than RGO at low
current density of 1 A g1, which is ascribed to both high surface
area (1516 m2 g1) and the existence of oxygen-containing groups
in GO/aMWCNT. However, due to poor electrical conductivity of
GO/aMWCNT (1.3  103 S cm1), the speciﬁc capacitance severely
decreases and becomes lower than that of RGO instead as the
current density increases.
High rate capability is another important factor for the use of
supercapacitors, which is required to provide high energy density
or speciﬁc capacitance under high current. Fig. 7d shows the spe-
ciﬁc capacitance of RGO, GO/aMWCNT and RGO/aMWCNT as a
function of the current densities. When the current density in-
creases from 1 to 100 A g1, RGO and GO/aMWCNTexhibit 49.7 and
16.5% capacitance retention, respectively. In comparison, RGO/
aMWCNT possesses a much higher retention of about 66.7%. The
rate capability of as-prepared RGO/aMWCNT is signiﬁcantly
Fig. 7. (a) CV curves of RGO, GO/aMWCNT and RGO/aMWCNT at a scan rate of 10 mV s1. (b) Plots of the speciﬁc capacitance versus the scan rate of RGO, GO/aMWCNT and RGO/
aMWCNT. (c) Galvanostatic charge/discharge curves of RGO, GO/aMWCNT and RGO/aMWCNT at a current density of 1 A g1. (d) Plots of the speciﬁc capacitance versus the dis-
charging current density of RGO, GO/aMWCNT and RGO/aMWCNT.
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comparable to that of laser-scribed graphene reported by El-Kady
et al. [6]. The improved capacitance characteristic of RGO/
aMWCNT is attributed to the introduction of aMWCNT providing
high conductivity (1820 S m1) and accessible surface area
(1420 m2 g1) for electron conduction and ion diffusion.
To further investigate the effect of irradiation dose on the
electrochemical performance, the speciﬁc capacitances of RGO/
aMWCNT with various irradiation doses are obtained by galvano-
static charge/discharge tests at a high current density of 10 A g1, as
shown in Fig. 8. Obviously, the irradiation dose has signiﬁcantFig. 8. Inﬂuence of the irradiation dose on the speciﬁc capacitance of RGO/aMWCNT at
the current density of 10 A g1.inﬂuence on the speciﬁc capacitance of RGO/aMWCNT. At low
irradiation doses, RGO/aMWCNT composites possess relatively
lower speciﬁc capacitances due to the poor electrical conductivity
(shown in Fig. S2), while the values are still higher than that of GO/
aMWCNT without the irradiation (72 F g1). As the irradiation dose
increases to 100 kGy, the speciﬁc capacitance reaches the
maximum of 192 F g1. Thereafter, the value begins to decrease,
which is ascribed to the breakage of RGO nanosheets and the
decrease of conjugation degree of RGO/aMWCNT due to excess
irradiation.
The long-term cycling stability of RGO, GO/aMWCNT and RGO/
aMWCNT is also investigated. Fig. 9 shows the speciﬁc capacitanceFig. 9. Cycling stability of RGO, GO/aMWCNT and RGO/aMWCNT.
Fig. 10. Inﬂuence of GO/aMWCNT weight ratio on (a) the speciﬁc capacitance and (b) the speciﬁc surface area of RGO/aMWCNT.
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H2SO4 solution. After 10000 cycles, the capacitance retentions of
RGO and RGO/aMWCNT are up to 90.2 and 95.1% due to the
reduction of oxygen-containing groups during the g-ray irradiation,
respectively, while GO/aMWCNT keeps only 57.1% of its initial
capacitance. These results indicate that RGO and RGO/aMWCNT
possess superior electrochemical stability, which can meet the
needs of commercialization. Interestingly, RGO/aMWCNTexhibits a
higher stability than RGO, which is probably attributed to the fact
that aMWCNT act as the pillars between the interlayer of RGO
nanosheets and reduce the structural changes of RGO during the
charge/discharge process. Therefore, supercapacitors based on
RGO/aMWCNT should be able to function as long-term energy
storage devices.
In addition, as shown in Fig. 10a, the inﬂuence of GO/aMWCNT
weight ratio on the speciﬁc capacitance of RGO/aMWCNT is
obvious. The speciﬁc capacitance of RGO/aMWCNT gradually in-
creases with increasing GO content and its value reaches the
maximum (227 F g1) at the GO/aMWCNT ratio of 80/20. There-
after, with the increase of GO/aMWCNT ratio, the speciﬁc capaci-
tance starts to go down instead. The changing trend of the speciﬁc
capacitance for RGO/aMWCNT correlates closely with their speciﬁc
surface area. Interestingly, the variation pattern of speciﬁc surface
area is similar to the speciﬁc capacitance as GO/aMWCNT weight
ratio changes (Fig. 10b). Moreover, it is worth noting that RGO/
aMWCNT possesses higher speciﬁc capacitance than that of pure
RGO (151 F g1) when the GO/aMWCNT ratio is equal or greater
than 70/30.
This phenomenon can be attributed to the microstructure and
RGO content of RGO/aMWCNT. When a small number of aMWCNT
are inserted into the layers of RGO, aMWCNT impede the stacking
of RGO and effectively enlarge the space between RGO sheets
(Fig. 3d, Fig. S4a and b), forming a crumpled, porous and loose ar-
chitecture which beneﬁts the diffusion of electrolyte ion and im-
proves the speciﬁc capacitance. However, excess aMWCNT readily
deposit on the surface of RGO sheets in the form of aMWCNT
bundles and agglomerates (Fig. S4c and d), thus decreasing the
exposure of RGO and reducing the speciﬁc capacitance of RGO/
aMWCNT. Therefore, only certain quantity of aMWCNT can be
introduced to form a 3D hierarchical RGO/aMWCNT with high
speciﬁc capacitance and the optimal GO/aMWCNT ratio is 80/20.
4. Conclusions
We developed a clean and easy method to prepare 3D hierar-
chical composites of RGO/aMWCNT using g-ray irradiation reduc-
tion. Meanwhile, the irradiation reduction mechanism of GO was
further investigated and successfully veriﬁed. The morphologies,
oxygen contents and electrochemical properties of RGO/aMWCNTcomposites could be controlled by adjusting the GO/aMWCNT
weight ratio and irradiation dose. At the optimal GO/aMWCNT ratio
of 80/20 and irradiation dose of 100 kGy, RGO/aMWCNT possessed
the highest conductivity (1820 S m1) and speciﬁc surface area
(1420 m2 g1). The supercapacitor device using RGO/aMWCNT (80/
20) as both electrodes showed high speciﬁc capacitance (227 F g1),
excellent cycling stability (95.1% retention after 10000 cycles) and
rate capability (66.7% capacitance retention as the discharging
current density increases from 1 to 100 A g1). Therefore, the novel
RGO/aMWCNT composite is expected to be electrode material for
commercial supercapacitors. Besides, it may offer new opportu-
nities for the development of lithium ion batteries, chemical sen-
sors, phase-change energy storage, catalyst carriers and absorption
materials.
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